competitive and predator avoidance abilities (Berejikian 1995 , Berejikian et al. 1996 . Atlantic 86 salmon (Salmo salar), which share a similar life history trajectory (typically age-2 smolts), show 87 divergence in juvenile growth rate with just one generation of captive rearing (Wilke et al. 88 2015). Selection favoring large body size in released hatchery steelhead is evident from studies 89 showing size-biased seaward migration (Reisenbichler 2004, Tatara et al. in review) and marine 90 survival (Osterback et al. 2013) . Thus, understanding how changes to conventional hatchery 91 culture environments influence the viability of released fish is an important step in minimizing 92 domestication selection. 93 Selection on phenotypic traits such as body size will not necessarily produce a 94 detectable evolutionary response in the same traits. Estimating heritability of important traits 95 in hatchery-raised steelhead can provide a greater understanding of the potential for hatchery-96 induced (i.e., domestication) selection to reduce fitness of fish released to the wild. Heritability 97 estimates the amount of expressed trait variation that is attributable to genetic factors 98 (Falconer and Mackay 1996, Roff 1997) , and it provides one indication of whether selection on 99 a phenotypic trait (if detectable) is likely to result in adaptive evolution (Lynch and Walsh 1998 The study included two hatchery rearing regimes. Four tanks were allocated to a high 130 ration treatment designed to produce smolts in one year (hereafter 'S 1 '), and the other four 131 tanks were allocated to a low ration treatment designed to produce smolts in two years 132 (hereafter 'S 2 '). The rearing system consisted of an array of tanks plumbed to a freshwater 133 recirculation system. Average monthly water temperatures were maintained between 6.7 °C 134 and 12.7 °C and fluctuated seasonally, averaging approximately 11.9 °C during summer and 7.1 135 °C during winter. Temperatures were selected in an attempt to match the average monthly 136 rearing temperature profile and average annual rearing temperature for steelhead rearing at 137 WNFH (8.4 °C). The average annual water temperature at the MRS was 9.4 °C. On 11 July 2012, 138 all emergent fry were removed from the incubators and 476 (17 fish per family) were stocked 139 into each of eight tanks (1.8 m diameter x 0.6 m deep). The 28 full-sib families were initially 140 equally represented in each of the 8 tanks. Both rearing treatments were initially fed to excess 141 on a daily basis for the first 3 weeks. The S 1 fish were then fed to satiation five days per week, 142 and S 2 fish were fed to achieve a body size at smoltification similar to the target size for WNFH 143 (195 mm fork length, 90 g body mass), which is based on Federal guidelines for steelhead 144 hatchery programs. Feed rations for each treatment were calculated as daily percentage of 145 body mass using a temperature-based growth model (Iwama and Tautz 1981) approximately the same size at tagging and so that the smallest fish in each group would be 158 large enough to tag(i.e., "parr" in Figure 1b ). Each PIT-tagged fish had a small portion of its 159 pelvic fin removed. Fin tissues were dried on filter paper and DNA was extracted from subsamples. Table 1 ). Survival from tagging to final sampling was 96.0% for the S1 group and 95.2% for 164 the S2 group.
165
Pedigree assignments 166 A total of 943 offspring were genotyped to determine family of origin. Parent-pairs (the 167 most likely father and mother) for 916 offspring were determined from a likelihood-based 168 parentage analysis using the program FRANz (Riester et al. 2009 ), using the default genotyping 169 error rate of 1%. The remaining 37 offspring were not assigned to a parent-pair, due either to D r a f t 9 poor DNA quality (fewer than 8 loci genotyped) or uncertain parentage assignments (posterior 171 probability P < 0.900).
172
Spawning records indicated that two females and three males that were potential 173 parents for these offspring were not sampled for DNA analyses, and thus could not be included 174 in the pool of potential parents for the parentage analysis. All families that were created had at 175 least one sampled parent. Therefore, juveniles could be assigned as offspring of the non-176 sampled parents because the offspring matched one sampled parent in all cases. We separated 177 the offspring into full sibling groups using the program COLONY (Jones and Wang 2010) (Stefansson et al. 2008) . In this study, survival of transfer from freshwater to seawater was used 185 to characterize how completely individual steelhead had undergone smoltification (Blackburn 186 and Clarke 1987), and how they might survive in seawater in the natural environment. In the (Falconer and Mackay 1996) . Estimates of heritability from models that include specified fixed 242 or random effects are conditioned on these effects (Wilson et al. 2010 ). We also estimated heritability of challenge mortality using a modification of Falconer's 260 (1965) proband method (Reich et al. 1972) . For an overall level of mortality, this method, based 261 on a liability model, provides a test of observed incidence of mortality among affected relatives 262 against that expected if mortality occurred at random in the experiment. Heritability estimated 263 in this way does not depend upon the incidence of mortality, unlike some other approaches 264 (Lynch and Walsh 1998) . Dispersions around the estimates were computed from equations 265 given in Lynch and Walsh (1998) .
266
Family effects and phenotypic plasticity 267 It is important to note that differences in body size, size-at-age (reflecting growth), and 
Results

288
Growth and body size 289 The S 1 (high ration) treatment caused higher growth rates than the S 2 (low ration) A significantly greater proportion of S 1 steelhead (0.14) than S 2 steelhead (0.00) died 308 within 21 days of transfer to 28 ppt seawater (P < 0.001), after transfer to 33 ppt seawater (P < 309 0.001, S 1 = 0.38, S 2 = 0.018), and for both salinities combined (P < 0.001, S 1 = 0.24, S 2 = 0.01; 310 Table 1 ). Only two steelhead died in the S 2 treatment (both in the 33 ppt challenge); therefore, 311 the logistic regression analysis was only applied to the S 1 treatment (n = 284). In the S 1 312 treatment, fork length was positively related to probability of surviving transfer to seawater at be on the order of 4 to 5%, and those for mass were on the order of 17 to 18% ( Figure 4) . We also detected a highly significant influence of family x 370 treatment interaction (F x T) on smolt length (t = 2.58, P = 0.0099). Both AIC and likelihood-ratio 371 tests comparing the fit of the two models (with or without the interaction term) provided weak 372 support for the model of smolt length that incorporates F x T ( Table 3) . The results for parr 373 length were somewhat similar except that plasticity was not clearly evident: there was a highly 374 significant effect of family (t = -3.66, P = 0.0003) but not treatment (t = -1.60, P = 0.1096); the 375 effect of F x T was marginally non-significant (t = 1.73, P = 0.0845), and the more complex 376 model was not adequately supported (Table 3) .
377
For smolt mass, there was a highly significant effect of treatment (t = 9.22, P < 0.0001) 378 but no detectable family effect (t = -2.34, P = 0.2180) in the simpler model without F x T. In the 379 more complex model that incorporated F x T, a significant family effect was detectable (t = -380 1.99, P = 0.0465) but an effect of F x T was not (t = 1.58, P = 0.2551). Neither AIC nor a 381 likelihood-ratio test comparing the fit of the two models provided greater support for the 382 model of mass that included F x T (Table 3) . For parr mass, we detected a highly significant 383 effect of family (t = -3.69, P < 0.0003) but not treatment (t = -1.25, P = 0.2109); there was a 384 significant effect of F x T (t = 1.98, P = 0.0479). However, the more complex model 385 incorporating F x T was not adequately supported (Table 3 , Figure 4 ).
386
For smolt condition factor, there was no significant effect of treatment (t =-0.37, P = (Table 3) . The results for parr condition were considerably different: there 392 was no significant effect of family (t = -1.01, P = 0.3110), but in both models there was a highly 393 significant effect of treatment (t = -4.02, P < 0.0001) but no detectable effect of F x T (t = -0.96, 394 P = 0.3370). The more complex model incorporating F x T was not supported ( The sample sizes available to inform the heritability estimates for challenge mortality in S 1 fish 444 were less (n = 284) than for body size (n = 476). Significant body size differences among families 445 not manifesting in significant evidence of heritability for challenge mortality could also reflect 446 among-family variation in thresholds for smoltification, or combined random variation in both 447 the size-survival relationship and other family-specific effects on survival.
448
We detected modest heritability estimates in length and mass under the S 1 rearing 449 treatment, some evidence for phenotypic plasticity in smolt length and parr mass across higher than in the present study using an animal model to evaluate variation in length and mass 468 in wild juvenile steelhead removed from gravel nests as embryos and reared in similar-sized 469 hatchery tanks. In that study, the parents were not sampled, pedigrees were reconstructed 470 from relatedness values, and the juveniles were reared at much lower densities.
471
The estimates of heritability suggest that response to selection on body size might be 472 higher in fish exposed to hatchery environments with high feed rations intended to increase 473 growth rates and reduce age-at-release. The heritabilities for fork length and body mass surprising since these typically occur early in life when maternal genotype or phenotype (e.g.
486
yolk quality or quantity) influence offspring development (Heath et al. 1999, Van Leeuwen et al. 487 2016), and our size measurements of parr stage were greater than 4 months after first feeding.
488
The typically high survival during culture in salmon and steelhead hatcheries, followed 489 by low survival after release, has suggested that adaptation to the hatchery environment (i.e., To the extent there is selection favoring rapid growth rate in hatchery populations, 517 negative fitness consequences for offspring of naturally spawning hatchery fish may stem from 518 correlated traits, such as standard metabolic rate (Rosenfeld et al. 2015 ) agonistic behavior 519 (Metcalfe et al. 1995) , and response to predation risk (Johnsson et al. 1996) history diversity in natural habitats (Kendall et al. 2015) . High-growth-selected salmon steelhead in the present study, Reed et al. 2015) . In steelhead, offspring of hatchery parents 532 were more aggressive than offspring from the founding wild population, but only under natural 533 conditions or low hatchery rations (Berejikian et al. 1996) , and the higher levels of aggression in 534 the hatchery offspring were accompanied by reduced ability to survive predation by a naturally 535 occurring predator (Berejikian 1995).
536
The results of the present study together with evidence of size-biased downstream 537 migration (Reisenbichler 2004, Tatara et al. in review) Table 2 . Heritability (h 2 ) estimates for parr and smolt fork length (FL) and mass, and for seawater challenge mortality and challenge days to death for smolts in the S 1 and S 2 rearing treatments. Most estimates were computed from animal model analyses. Two of the estimates of heritability of seawater challenge mortality used a modification of Falconer's proband method (Reich et al. 1972 ; see text). P < 0.05 (*), not significant (ns), based on DIC (see text).
Model terms Heritability
Response Significance levels: P < 0.10 ( o ), P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****). 
